We report here a facile strategy to fabricate three-dimensional (3D) hydroxyapatite (HA) architectures with well-defined long continuous interconnected pores by using electrospinning and biomimetic mineralization. To this end, a polymeric nanofiber (NF) scaffold with well-defined architecture was fabricated by electrospinning, and bone morphogenetic protein 2 (BMP2) was then adsorbed onto the chemically modified NFs through bio-conjugation. The 3D nanoporous HA architecture was finally fabricated by biomimetic mineralization of the NF-BMP2 hybrid in simulated body fluids and subsequent dissolution of NFs in hexafluoroisopropanol. The formation of NF-BMP2 hybrid was identified by confocal laser scanning microscopy analysis. The crystal structure of HA crystals formed on NFs was examined by X-ray diffraction. The chemical composition and interconnected porous structure of the created 3D HA architectures were measured by X-ray photoelectron spectroscopy, focused ion beam scanning electron microscopy, and transmission electron microscopy, respectively. This bottom-up strategy based on electrospinning and biomimetic mineralization opens up a new way to prepare diverse porous HA-based hybrid materials and shows great potential in drug delivery, gene transfer and tissue engineering.
Introduction
Hydroxyapatite (HA) is an important inorganic material in the hard tissues of bone and teeth, and it is one of the few materials that can bind to bone tissue and promote bone substitution and repair. 1, 2 There is increasing interest in the preparation and application of novel HA-based composite materials for bone substitutes. [3] [4] [5] It is well known that natural bone is porous and mainly composed of highly aligned HA crystals that bind onto the arranged type I collagen matrix. 6 To mimic the structure of natural bone, various strategies, such as polymeric sponging, 7 rapid prototyping, 8 phase separation, 9 salt leaching, 10 incorporation of porogen particles, 11 freeze casting, 12 and gel-casting, 13 have been used to fabricate porous HA-based biomaterials. Porous HA-based materials have been used in drug delivery, dental surgery, and protein carrying. [14] [15] [16] The pore size and structure of the porous HA materials are important factors for the formation of new bone substitutes. 17 Until now, only few studies have reported the substitution of newly-formed bone with the implanted HA-based materials, 18 and a main reason is probably that the HA material has closed structures lacking interconnected pores. 19 Therefore, the fabrication of HA-based materials with highly interconnected pores, bioactivity as well as good mechanical strength is required for maximizing their functions and in vivo applications. Up to now, it still remains a challenge to prepare interconnected porous HA scaffolds with high mechanical strength because sometimes they are so brittle.
Electrospinning is a simple and highly versatile technique for the large-scale preparation of polymeric nanobers (NFs) with uniform diameter ranging from 20 nm to hundreds mm, 20, 21 and it has been widely applied in the biomedical eld. [22] [23] [24] Aer the creation of polymeric NFs, the coating of HA crystals can be performed by biomineralization in simulated body uid (SBF).
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To promote the nucleation and growth of HA, various functional groups (such as carboxyl, hydroxyl and amino groups) and biomolecules (brinogen, bronectin, collagen, chitosan, gelatin, heparin, etc.) have been introduced to modify the surface of polymeric NFs. With this strategy, Liu et al. prepared HA materials with 1D hollow tubular structures. 25 They rst treated the electrospun poly(lactic-co-glycolic acid) (PLGA) bers with plasma, chitosan and heparin successively, and realized a coating of HA by immersing the modied nanobers into a modied 10-fold concentrated SBF. Further, by dissolving the PLGA NFs in the core, 1D hollow tubular HA materials were created. Recently, we have developed a method to prepare uniaxially and biaxially oriented electrospun ber mats, and with our improved electrospun apparatus ber mats with designed ber assembly and controlled ber spacing have been obtained. 26, 27 Based on our previous studies and inspired by Liu's report, [25] [26] [27] we developed a new bottom-up strategy to prepare 3D HA architectures with well-dened long continuous interconnected pores by using electrospinning and biomimetic mineralization. Electrospinning is superior to other techniques not only in its easy functionalization of the as-spun NFs with various biomolecules, such as proteins, peptides and amino acids but also in its controllability for fabricating various patterns of NFs, such as the random, axially and biaxially aligned NFs and well-designed 3D brous scaffolds.
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In this work, electrospinning was utilized to create 3D biaxially orientated polymer NFs and bone morphogenetic protein 2 (BMP2) was adsorbed onto the polymer NFs to mediate the biomineralization. HA was formed by immersing the NF-BMP2 architectures in SBF for at least 7 days, and the interconnected pores in HA architectures were obtained by dissolving the NF templates. The obtained 3D HA architectures were characterized and a possible formation mechanism of HA crystals on NFs was proposed. The interconnected porous structure of the created 3D HA material was characterized by microscopy analysis. To the best of our knowledge, it is the rst report to create interconnected porous 3D HA architectures with the electrospun biaxially oriented polymer NF scaffolds. In addition, we utilized a biocompatible bone protein (BMP2) to improve the efficiency of biomimetic mineralization, and HA crystals were formed on NF-BMP2 architectures in normal SBF solution (instead of 10-fold-concentrated SBF in ref. 25) quickly.
Experimental section

Materials
Poly (3-caprolactone) (PCL, 80 000 g mol À1 ), hexauoro-isopropanol (HFIP), 1,6-hexanediamine, glutaraldehyde, BMP2, uorescein isothiocyanate (FITC), acetic acid, and all the chemicals for the preparation of SBF were obtained from SigmaAldrich. All of them were used as received without any purication.
Fabrication of PCL NF scaffold
The solution for electrospinning was prepared by dissolving PCL pellets in HFIP at a concentration of 8 wt%. The solution was loaded into a 10 mL plastic syringe with a 20 gauge blunt tip needle and was dispensed at a rate of 0.8-1.0 mL h À1 during electrospinning. The working distance between the tip of the needle and the collector was $15 cm and a voltage of 15-20 kV was applied. Alignment of the PCL NF was achieved by electrospinning with the aid of parallel placed auxiliary electrodes and a high speed rotating mandrel collector. The two auxiliary electrodes were equally charged at a voltage of 12-15 kV. The linear velocity of the mandrel collector was xed at $10 m s À1 .
The biaxially oriented NF mesh was prepared by electrospinning multiple layers in a 0 /90 lay-up.
Adsorption of BMP2 onto PCL NFs
BMP2 was immobilized onto the PCL NF surface via an aminolysis method according to a previous report. 30 Firstly, the PCL NF meshes were immersed in 1,6-hexanediamine solution with suitable concentrations for 10 h at 37 C, rinsed with deionized water for 24 h at room temperature to remove free 1,6-hexanediamine, and dried in a vacuum at 30 C for 24 h to constant weight. Then, the aminolyzed PCL NF meshes were immersed in 1 wt% glutaraldehyde solution for 3 h at room temperature, followed by rinsing with a large amount of deionized water for another 24 h to remove free glutaraldehyde. Aerwards, the NF meshes were incubated in 0.01 mg mL À1 BMP2 solution (pH ¼ 7) for 24 h at 2-4 C. Finally the BMP2-immobilized NF meshes were rinsed with 1.0% acetic acid solution and then rinsed with deionized water for 24 h to remove free BMP2.
Fabrication of 3D HA architecture
Biomimetic mineralization of BMP2-coated NF scaffolds was performed according to our previous reports. 31, 32 In brief, the BMP2-coated PCL NF meshes were incubated in 25 , buffered at pH 7.4 with Tris-HCl) at 37 C for bone-like mineral growth. All the uids were renewed every day. The samples were taken out at different time intervals and rinsed by large amounts of water to remove the excessively adsorbed salts, and then dried in air for characterization. The mineralized NF-HA hybrids were immersed in HFIP for 48 h to remove the PCL component, then rinsed with deionized water and dried in air at room temperature.
Characterization techniques
The morphologies of the PCL and HA samples were examined by focused ion beam scanning electron microscopy (FIB-SEM, AURIGA 60, Carl-Zeiss Company, Germany). To visualize the internal pore structure of the nal 3D nanoporous HA architecture, FIB was utilized to cross-section the sample. Before the sectioning process, a 500 nm thick Pt layer was deposited on the sample to protect the surface layers from ion beam damage. A large trench was milled at 30 kV and an ion beam current of 2 nA for 60 s. The uorescence images of PCL NF meshes coated with FITC labeled BMP2 were taken using a LSM Meta 510 confocal laser scanning microscopy (CLSM, Carl-Zeiss, Germany). Optical excitation was carried out with a 488 nm argonion laser beam and uorescence emission was detected at 520 nm. X-ray diffraction (XRD) was carried out using a Rigaku D/max-2500 X-ray Diffractometer with CuK radiation (k ¼ 0.15406 nm) operating at 40 kV and 200 mA. X-ray photoelectron spectroscopy (XPS) measurements were conducted on a PHI Quantum 2000 spectrometer (PHI Co., Chanhassen, MN, USA) to analyse the HA crystals formed on the NF-BMP2 architectures, in order to determine the probable formation time of HA. A monochromatic Al Ka radiation as the X-ray source (hn ¼ 1486.6 eV) was employed and a 100 mm diameter beam was used. The electron take-off angle was 45 and the analyzer was operated in the constant energy mode for all measurements. Transmission electron microscope (TEM) experiments were performed on a JEOL 3010 electron microscope (Tokyo, Japan) with an accelerating voltage of 300 kV. The mineralized HA architecture was cut to small pieces and dispersed with ultrapure water, and then dropped onto a Cu grid for TEM characterization.
Results and discussion
Fig. 1 schematically shows the main steps for preparing 3D porous HA architectures by using electrospinning and biomimetic mineralization. Firstly, a PCL NF scaffold with welldened architecture is fabricated through electrospinning, and then the as-spun PCL NFs are chemically modied and coated with BMP2 via bio-conjugation (Step 1). Secondly, the BMP2-coated PCL NFs are mineralized in SBF to form HA crystals along the NFs through the mediation of BMP2 proteins (
Step 2). Finally, PCL NFs are removed by immersing the mineralized materials in HFIP (Step 3). In this way, 3D porous HA architectures with interconnected pores are created.
Electrospinning NF architectures for BMP2 adsorption
We achieved well oriented PCL NF architectures by using our home-made electrospinning set-up which incorporates a pair of parallel auxiliary electrodes, a high speed rotating mandrel collector and a mobile platform (Fig. 2a) . Detailed description can be found in our previous studies. 27 The parallel positioned auxiliary electrodes can symmetrically reduce the bending instability of the polymer jet, so that aligned and straight NFs are deposited on a high speed rotating mandrel collector. The mobile platform that allows the spinneret to move le and right at an adjustable rate controls the placement of electrospun NFs. For different applications, the NF meshes can be prepared with adjustable size and uniform woven structure (Fig. 2b) .
With our improved home-made electrospinning apparatus, polymer NFs with different orientations (uniaxially and biaxially) and various layers can be prepared easily. Fig. 2c and d show the FIB-SEM images of uniaxially and biaxially aligned PCL NF meshes, respectively. The created PCL NFs are uniform and the average diameter is about 100-200 nm.
In our previous work, we found that some proteins, such as brinogen and bronectin, can promote the nucleation and growth of HA nanocrystals and microakes. 31, 32 The carboxylic groups on the protein surface may provide enough binding sites for Ca 2+ and hence the protein templates can serve as scaffolds for biomimetic mineralization. 33, 34 BMP2 is an osseoinductive protein that induces new host bone formation by uiding the modulation and promoting differentiation of mesenchymal cells into bone forming cells. [35] [36] [37] [38] Due to its activity in bone repair and formation, BMP2 was utilized to bind onto the as-spun PCL NFs for biomineralization in this work.
CLSM was used to conrm the immobilization of BMP2 onto PCL NFs. Pure PCL NF architectures were examined as control ( Fig. 3a and b) , and there is very weak uorescence for both uniaxially and biaxially aligned NFs. However, aer conjugation with FITC-labelled BMP2, it can be found that the uorescence of PCL NFs increased greatly ( Fig. 3c and d) , which indicates the successful coating of BMP2 onto the surface of PCL NFs. 
Growth of HA on NF-BMP2 architectures
Aer the modication of NFs with BMP2 protein, the created NF-BMP2 architectures were incubated in SBF to form HA crystals. SEM was utilized to observe the change of morphologies of apatite on NF-BMP2 architectures with the increase of the incubation period, and the corresponding images are shown in Fig. 4 . The minerals started to grow along the NFs aer 1 day incubation, and globular apatite nanoparticles were formed along the NFs (Fig. 4a) . Aer 3 days incubation, the globular nanoparticles grew on one hand in the direction perpendicular to the NFs and evolved into needlelike minerals, and on the other hand, they also spread along the NFs and gradually connected with each other and nally formed tabular microcrystals (Fig. 4b) . While aer 7 days' incubation the minerals have almost spread all over the ber mesh, leaving the bres vaguer (Fig. 4c) . With the incubation period increasing to 14 days, it was observed from the SEM images that the surfaces of NF architectures were fully covered with minerals (Fig. 4d) .
To conrm the minerals formed around the NF surfaces are apatite, XRD characterization was conducted. Fig. 5 shows the XRD patterns of the NF architectures aer soaking in SBF for different periods of time. The XRD pattern of NF architecture aer soaking for 1 day shows a broad peak between 30 and 35 , with a maximum at about 32 , corresponding to the apatite (002) diffraction peak. 25, 39, 40 A slight sharpening of the broad peak is observed in the XRD pattern of the NF architecture aer soaking for 3 days. Further sharpening of the peak is observed in the XRD patterns of the architecture soaked for longer periods (7 and 14 days). The (211) diffraction peak becomes obvious aer 3 days soaking and became very sharp in the XRD patterns of scaffolds soaked for 7 and 14 days. Other diffraction apatite peaks (102, 222, 213, and 004) also become more evident aer the architecture is soaked for longer periods (7 and 14 days). Therefore, it can be concluded that the biomimetic formation of HA is successful and HA crystals were nally formed aer at least 7 days incubation in SBF.
To determine the atomic ratio of Ca/P and further ascertain the formation of apatite, the ber architectures incubated in SBF for different periods of time were further measured by XPS. In a typical XPS spectrum, the peaks of Ca 2p (347.5 eV), P 2s (191.3 eV) and P 2p (132.8 eV) can be clearly seen (Fig. 6) , which is in agreement with the previously reported data. 31 It should be noted that the elements measured by XPS are located on the surface of apatite crystals since the detection depth of X-ray source of the XPS instrument is about 6-9 nm. The Ca/P ratio increased with the on-going of biomineralization process (inset of Fig. 6 ), and this phenomenon has been documented in earlier reports. 31, 41, 42 The Ca/P ratio of the initial minerals formed at the beginning of mineralization is about 1.33, which indicates that a Ca-poor amorphous calcium phosphate (ACP) was formed on the NF-BMP2 hybrids. 39 With the increasing of incubation period, Ca/P ratios of 1.47, 1.58 and 1.66 are found aer 3, 7 and 14 days of biomimetic mineralization, respectively (see the inset), suggesting the gradual recrystallization of ACP into apatites, which is in good agreement with the XRD result. The Ca/P ratio of the mineralized NF-BMP2 hybrids at 14 days was slightly lower than that of stoichiometric HA (1.67) due to the incorporation of Na, Mg and carbonate. This indicates that the apatite produced on NF-BMP2 hybrids in SBF is a biological HA, which has been typically observed in those minerals created by biomimetic mineralization.
41,43
Based on these XPS data, we suggest that BMP2 can promote the nucleation and growth of HA crystals and 3D HA architectures can be created by incubating BMP2-modied NF meshes in SBF for about 7 days. In a previous study, Li et al. reported the creation of silk-BMP2 scaffolds by electrospinning and further investigated their application in bone tissue engineering. 37 They found that the scaffolds with the co-processed BMP2 supported higher calcium deposition and enhanced transcript levels of bone-specic markers than the control scaffolds without BMP2 and, therefore, could be used as potential candidate for bone tissue engineering.
Possible nucleation mechanism
To understand the mineralization mechanism mediated by BMP2, control experiments were performed by investigating the biomineralization of BMP2-modied uniaxially aligned PCL NFs in SBF. A previous mineralization experiment on biaxial PCL nanobers (Fig. 4) indicates that the formation of tubular HA microcrystals is related to three factors, i.e. the grids of nanober mesh, the proteins, and the axis of nanobers, therefore we utilized the uniaxial electrospun nanober mesh for the biomineralization of the HA architecture. It can be found from the SEM images that the precipitates were also formed rstly along the NFs and then grew perpendicularly to the NFs as well as laterally along the NFs to connect with each other to form tabular HA microcrystals, and nally covered the NFs, as shown in Fig. 7 . The mineralization process is similar to that on the biaxially aligned PCL NFs (Fig. 4) . Therefore, it can be concluded that the tubular HA microcrystals are not related to the electrospun nanober structures but to the BMP2 protein and the perpendicular axis of nanobers.
Based on the obtained SEM (Fig. 4 and 7) , XRD ( Fig. 5) and XPS (Fig. 6 ) results, we propose a possible mechanism for the nucleation and growth of HA on NF-BMP2 architectures, as shown in Fig. 8 . Aer exposing the NF-BMP2 to SBF, globular ACP were formed along the NFs within 1 day (Step 1). It is clear that the BMP2 molecules provide binding sites for Ca 2+ and can promote the nucleation and growth of apatite nanocrystals, which agrees well with our previous studies on biomineralization of protein NFs. 31, 32 With the increase of the exposing period to 3 days, more Ca 2+ ions were adsorbed onto the surface of the globular ACP precursors and the precipitates grew vertically to form needlelike crystals as well as laterally to connect with each other and nally evolved into tabular minerals (Step 2). In this process, the NF templates control the growth of minerals in the direction parallel to the NFs, while BMP2 controls the growth of created ACP in the direction perpendicular to the NFs, which is similar to the formation of HA on carbon nanotube. 43 Aer 7 and 14 days incubation in SBF, the formed tabular ACP recrystallized and grew into a larger piece HA and nally covered the NFs to form 3D architectures (Step 3).
Fabrication of 3D HA architectures with interconnected pores
Although HA-based porous materials have been widely used in bone tissue engineering, previous biological studies and clinical practices have identied that 3D interconnected porous structures are necessary to allow cell attachment, proliferation, and differentiation, and to provide pathways for biouids and blood vessels. 7, [17] [18] [19] Here we achieved the creation of 3D HA architectures with interconnected pores by removing the PCL substrate from the NF-BMP2-HA bulk materials with HFIP solution.
In order to create a 3D HA-based porous architecture, a woven biaxially aligned PCL NF architecture with 8 layers (Fig. 9a ) was used as a template to bind with BMP2 and the obtained hybrid material was mineralized in SBF for 14 days, and the nal 3D NF-BMP2-HA bulk materials were prepared (Fig. 9b) . A 3D porous HA architecture was obtained by removing the PCL substrate with HFIP solution. To verify its internal interconnected porous structure, the porous HA material was cross-sectioned by focused ion beam (FIB) of the FIB-SEM. The FIB was used as a nano-scalpel to perform serial sectioning on the sample and create a 3D image of the internal structure of the sample. Fig. 9c and d show the 3D SEM images of nanoporous HA architecture (height > 2 mm) aer crosssection milling with different sample rotations of 54 and 0 , respectively. It can be clearly seen that the precursor PCL NFs were successfully removed, leaving criss-crossing grooves and This journal is © The Royal Society of Chemistry 2014
pores (indicated as arrows) embedded in the as-milled surface, which conrms the long continuous interconnected pore structure of the created 3D HA architecture. In a control experiment, the uniaxial PCL NF mesh was utilized for the mineralization of HA architecture. Aer incubation in SBF solution for 14 days, the bulk 3D HA architecture was created on the uniaxial NF mesh (Fig. 9e ). Aer milling with FIB, the created HA architecture shows some uniaxial grooves and no obvious interconnected pores are found in this architecture (Fig. 9f) . Therefore, the advantage of our biaxial PCL NF mesh to the uniaxial NF mesh for the fabrication of interconnected porous HA architecture is proved. To further prove the interconnected porous structure of 3D HA architecture formed on biaxial PCL NF mesh, TEM was carried out. Fig. 10a shows the typical TEM image of 3D porous HA architecture deposited on a Cu grid. It is obvious that our HA material has an interconnected porous structure. A statistical analysis of the pore size indicates that the size of the pores is about 400-900 nm (Fig. 10b) . This pore size is much larger than that of the diameter of NFs (100-200 nm). We suggest that maybe some HA particles were removed during the ultrasonic treatment process for the TEM sample preparation, or some of the electrospun NFs were aggregated, causing the increase of the pore size.
Basically, this porous structure provides pathways for biouids and it is essential for nutrient transport, protein and gene transfer. Furthermore, the bioactive BMP2 layer persisting on the internal surface of these pores can further endow the porous apatites more functions such as promoting the cell adhesion, proliferation, and differentiation. Admittedly as a bone repair material, larger pore size is preferable. In next step, we plan to create 3D interconnected porous HA-based materials with hierarchical pore size of macro-to nanoscale by adjusting the electrospinning parameters and combining it with the melt electrospinning method, which is capable of producing thicker bers. 44 And in the follow-up research we also plan to further evaluate the mechanical strength and bioactivity of this 3D HA porous material and examine whether the BMP2 is still le on the surface of the internal pores and its effect on the cell adsorption and growth.
Conclusions
In summary, we present a new bottom-up strategy for the preparation of 3D HA architectures with well-dened long periodic interconnected pores by using electrospinning and biomimetic mineralization. We found that PCL NFs and BMP2 had strong effects on the nucleation and growth of HA crystals, and both of them are necessary for the creation of 3D porous HA materials. The adsorbed protein molecules promote the binding of Ca 2+ onto the NFs and template the vertical growth of HA minerals and the electrospun NFs guide the lateral formation of HA crystals. Based on the obtained results, we propose a possible mechanism for the formation of apatite crystals mediated by BMP2. The bottom-up strategy based on electrospinning and biomineralization shown in this work opens up a new way to prepare diverse porous HA-based hybrid materials, since NF meshes with various outlines and ber assemblies can be achieved by electrospinning and various bioactive molecules can be bound onto the NF meshes through surface modication to generate more biofunctions. The fabricated 3D porous HA architectures will have potential applications in drug delivery, protein and gene transfer. 
